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ABSTRACT 


Thewtwequeme, dependence of the electrolytic conductivity 
was studied for solutions of varying concentrations of NaCl, 
Mes04, KCI, and KBr. An experimental test fixture was 
designed and an equivalent electrical model of the test 
mioctem developed. <A theoretical model of the conductivity 
that accounts for charge carrier inertia is proposed. 
Measured values of the impedance at various frequencies 
were used to generate test system model parameters, and 
Subsequently identify sample response. Interpretation of 
the sample response using the conductivity model allowed 
etermination of the conductivity, which is presented in 
mieetorm Of the D.€. value or real part, Ko and the non- 
G@eeleGtric time constant, Tc. The conductivity of the 
solutions decreased with increasing frequency and the 
imelal measurements of Tc were of the order of nanoseconds. 
Variations in K with salinity were in agreement with the 


empirical formula of Walden. 
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I. INTRODUCTION 


Extensive research has been directed at examining the 
propagation of electromagnetic radiation in all environments. 
Of fundamental concern to the Navy has been propagation 
through its environment; the atmosphere, the air-ocean 
interface and the ocean itself. Investigations concerning 
ocean electromagnetics require an understanding of seawater 
conductivity, or more fundamentally, electrolytic conductivity. 
Historically, electrolytic conductivity research has been 
divided into two areas; low frequency research using 
frequencies below 10kHz, and high frequency experiments 
utilizing frequencies above 10Mhz which probe the dielectric 
Nature of the solutions. 

In this thesis, the frequency dependence of the electro- 
lytic conductivity is observed between 10kHz and 10MHz by 
measuring its impedance. The salt solutions examined are 
the dominant contributors to seawater conductivity. 
sections II and III present current theory and model 
development. Sections IV and V describe the experiment 
and present an analysis of the results. Section VI 
concludes with a summary and some possible areas for future 


investigation. 





II. BACKGROUND 


An extensive literature search was carried out utilizing 
general chemistry reference material, textbooks, and 
computer methods. The Chemistry, Ocean Sciences, Geophysics 
and Electrical Engineering data banks of the DIALOG (Lockheed 
Data Base) computer information system contain information 
dating from approximately 1967. Systematic pursuit of the 
reference materials and their associated bibliographies/ 
references consistently lead to the Debye-Falkenhagen model 
of conductivity proposed in 1928 [Ref. 1]. Harned and Owen 
[Ret. 2] (1963) along with Condon and Odishaw [Ref. 3] (1963) 
eeace Falkenhagen"’s theory and its historical verification. 
Smedley [Ref. 4] (1980) describes improvements to the Debye- 
Boeeennagen theory that occurred in the 1970's, but these 
newer theories apply to low concentration solutions in the 
low frequency regime (less than 10 kHz) only. Thus, the 
most recent model that describes the excitation frequency 
dependence of conductivity was published in 1928. 

The model for Falkenhagen's conductivity theory is that 
Seea hard sphere ton under the influence of an applied electric 
field drifting in a viscous and permeable medium [Ref. 5]. 
The reduction in mobility as concentration is increased is 
due to coulombic interactions between ions, the predominant 


effects being relaxation and electrophoresis. 
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An ion of charge Q is surrounded by ions whose net charge 
mace nnen an e¢xternal electric field is applied, the 
@emtral Joi will be attracted to the electrode. Consequently, 
the previously spherically symmetric field around the 
central ion becomes asymmetric, for it cannot "relax" fast 
enough to follow the motion of the central ion toward the 
electrode. This creates a small force, the relaxation force, 
which inhibits the mobility of the central ion. When an 
Mom moves in an electrolytic solution, it tends to drag 
the local solvent molecules with it. Since anions and 
Cations move in opposite directions, each ion is effectively 
moving against a stream of solvent molecules. The subsequent 
reduction in ion mobility by this effect, the electrophoretic 
perect, can be attributed to an electrophoretic force. 

Falkenhagen has included the force due to the applied 
mpelad, the Stoke's law hydrodynamic force for a hard sphere 
fmmoeviscous continuum, the electrophoretic force and the 
relaxation force in developing an equation of motion for the 
men. He does not include any inertia term and stated "...it 
1s permissible to neglect the forces due to dynamical 
meactions in comparison to the viscosity forces." [Ref. 6]. 
The forces due to dynamical reactions represent the inertia 
of the ion in the solution, i.e. its inherent resistance 
to a change in velocity. Falkenhagen qualified his statement 
by comparing the two forces and showing that the viscosity 


force was larger than the inertial force. Two assumptions 


Li 





critical to his argument concern the charge carriers, 
specifically the size (radius) and mass. In view of present 
uncertainty as to the methods and mechanisms of charge transport, 
the validity of Falkenhagen's assumptions are suspect. 
ites absence of this inertia term lead to a real expression 
for the conductivity. Falkenhagen's relaxation force is 
mamersely proportional to the frequency of the applied 
electric field, and decreased with increased frequency. 
@Bonsegquentliy, he stated that conductivity will increase with 
mrereasing frequency for the ion is more mobile. Experimental 
Maca supporting this theory was collected by Sack [Ref. 7] 
and other investigators and summarized by Geest [Ref. 8]. 
@aeett! C€xXamination of these experiments, all performed in 
the late 1920's, revealed that they were relative measurements 
Smeained by recording the difference in response of both 
m@@encest cell and solution at various frequencies using a 
Dridge network. Additionally, the measurements were subject 
to sizeable experimental uncertainties (of the same magnitude 
as the measured parameter) due to the sensitive nature of 
the measurement and the available technology. Thus, the 
meomlcs trom these experiments required careful interpretation 
and were based heavily on existing theory. 

Retaining the inertia term in the equation of motion 
Pouits in a complex form for the conductivity, and is 


developed in section III. As the frequency is increased, 


LZ 





the imaginary part of the conductivity becomes smaller. The 


net effect is a decrease in conductivity with frequency. 


ae a - - a 







oe 


efT .vellem: esnoosd ySRwitageae 
~ 
ronsiin) neiw viivitauines a = a 





il. AHEORY 


imtseseceron presents the theoretical foundation upon 
which the experiment was conducted. Part A presents the 
fundamental development starting from Maxwell's equations. 
Part B develops the expression for the conductivity and 


mae © describes the specific application to this experiment. 


A. FUNDAMENTAL BACKGROUND 
Maxwell's equations for time harmonic fields can be 


Peagcessed as: 


VxBeuJd+yjoD 3; Vx E = -jwB 


—) 
il 
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<< 
wal 
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eX 


migesconstituative relationships are: 


J = KE ; B= wH 
WeeaweE = 6°h 4 P = 58 + 64% EB = e9(1 + x) E where, 
Meroe chne electrical conductivity, X = x' - jx'' is the complex 


susceptibility and e« = ¢«, (1 + X) is the complex permativity. 


After substitution, Maxwell's equations reduce to: 





VY B=uno (K + jwe) E= poj € E 

me = -je€BR 3V¥°B = 0 
~ ye Ae K 

V Da =); & = € (1 + TE. 
WeeeEPO oO = cy 9 E = cV-E+ Sv - E 
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where the effective quantities (denoted by ~*~) have been 
introduced for computational ease. This formulation is 
typically used in problems involving conducting dielectrics. 
To more clearly distinguish between dielectric and conductor 
properties, several specific cases are examined. 
aecase 1 

Consider a conducting, lossy dielectric medium 

between two parallel plates. Using the effective notation, 


the impedance of this device is: 





Z = = where 
JOE 
a RES eS, 2 e A = plate surface area 
=| 5 dg 2 = plate separation 
and é = e(1 + As ) 
jwe 


Therefore elie impedance (in conventional notation) is: 


1 


22 ee = 
jwe jw ACe-1) 


1 

a 

This result could be generated by a more conventional approach. 
The medium can be characterized by a capacitor in parallel 


With a resistor. The impedance is: 


A 


z = 7 ace where c = i: and 
perm that: 
ae ix 
J ri ae jay(e + +e 


iS 
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Peetenets tLdentical to the earlier result. Incorporating 


the constituative equations, which are: 


Bo Cl xX) = e= je" and 


m 
It 


X = x Sen 


the impedance of the device can be expressed as: 


z= EE (ap) 


A , A rt 
jury e+ 7(wegx + K) 


Ee case Ll 
Consider a finite conductor between two parallel 
maces. ihe impedance is purely resistive and of the form: 


P (2) 2 = length of conductor 
Dene: AK A = conductor cross-sectional 
area 


K = electrical conductivity 
bee Case [Ii 
Consider a non-conducting lossy dielective between 


iyo parallel plates. The impedance is: 


It Jt 
25 = FOO Cs) 
= ju (e'- je 
where fez _ 
eee ef = ie! = je'N2 


f Ea 


16 





Bee CONDUCTIVITY MODEL 


Meccandamde definition for tconductivity is: 
= pleut “Yep Us (4) 
where pt+,- is the charge density of the +,- ion and 


U+,- is the charge mobility of the +,- ion. The mobility 


of the ion can be obtained following Jackson [Ref. 10]: 


2 Ve 
oS E Gy, 





d<v> 
mn dt 





1S NOS Nes olla (6) 


where <v> is the mean velocity of the ion, m is the mass, 

b is a damping constant that reflects the change in ion 
velocity due to collisions, q is the charge of the ion, 

ema © is the applied electric field. Only one dimensional 
motion will be considered. Let <v> and E have the time 
harmonic form exp(jwt). Then, solving equations (5) and (6) 


we obtain 


_ _Uo che ey) 
u = Tees Cw a where Uo = =e 


Substituting equation (7) into equation (4), the 


expression for conductivity becomes: 


(8) 
we ptvor + Pro 
- G) - Ww 
ee Ds 1+ JF- 
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Considering the simple salts of interest, such as NaCl, 
we can assume p+ = p- = p. Additionally, given equal anion- 
cation charge magnitudes, the damping forces are assumed 
to be similar. Therefore, b+ = b- = b. Applying these two 
Simplifications, the expression for the conductivity, from 


Becker [Ref. 11], becomes: 


- Liotta Uo=)) _ Ko 
Ll + jp 1+ jp 


where Ko = p(Uo + Uo-) 


eee APPLICATION 

The experiment dealt with simple salt solutions which 
could be considered as conducting, lossy, dielectric media. 
The test fixture, described in Section III, can be modeled 
as two parallel plates. Therefore, the impedance of the 
test circuit can be interpreted as that derived in case I 
using equations (2) and (3). Incorporating the expression 
Pore the cOmplex conductivity, the impedance of a conducting, 


lossy, dielectric medium between paralle plates becomes: 


Beep one! ae AK, 7? 
Ne A bel A Ko i. 
mee 8 Gaeta by 
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Since this research considered only aqueous solutions, 
maa Utilized frequencies below 10 MHz, several simplifications 
can be made. From Kittle [Ref. 12], the dielectric constant 


of water at room temperature is given by: 


47 aN = 


e' = Sea wGaie 80 


where a is the static orientational polarizability, t the 
dielectric relaxation time = 107+, and N the number of 
spherically shaped molecules. For w = 10°, we have (wt) = 


mie so that: 


a = 1+ op + aint an = 80 


made is independent of frequency. thou ana oe, 
Also from Kittel [{Ref. 13], the complex dielectric constant 
aS : 


4n aN SS tr Bue se 


-— a ee : 
Ee 7 je mom 6-91 (oe 


If we compare the real and imaginary parts: 


e'' _ 47 aN(ut) = 79 Cat) 


e' 1 + (wt)? + 4taN 1 + (wt)2 + 79 


iS 





79 (wt) 
80 + (wt)2 


New. tor © <10°, and t = 107%s; the ratio becomes: 


au ISCO eG ae. 
> \ 80 + 107 22 w2 ~ 80 + (1076 


1 Oye < 


We 


As decreases, ¢'' gets smaller much faster than ¢', and 
the difference between them grows. Therefore, we can 
neglect the e€" term in the impedance equation. 


The impedance becomes: 
2 = (jac + prep) 
ioe torm Of the impedance corresponds to the circuit model 
Shown in Figure 1. The capacitor C reflects the effects 
mene SOlution in the conductivity cell. The resistor R 
Paemunduetor L reflect the effect of the specific salt 
chosen as solute. The experiment consisted of measuring 
mg@e value of C using distilled water and measuring the 
ier impedance of the cell filled with sample. From this 
data, the values of R and L were calculated, and subsequently 
the value for b (b = R/L). 

It is important to note that the €" term which was 
meglected in the impedance equation would correspond to 
MuGesistive effect in light of the proposed circuit model. 


It affects the real part, not the imaginary part of the 
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impedance. Thus, the sign of the phase angle (negative 
implying capacitive behavior; positive implying inductive 


behavior) would be determined by the other circuit elements. 
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IV. EXPERIMENT 


fe APPARATUS 
me Medsunement System 

Impedance measurements were made with the Hewlett- 
Packard (HP) Multi-Frequency LCR Meter (type 4275A, 

HP No. 2045J0]046) on loan from the Applied Physics Laboratory, 
The Johns Hopkins University. This instrument was calibrated 
by Hewlett-Packard 18 November 1982 using calibration standards 
traceable to the National Bureau of Standards to the extent 
allowed by the Bureaus’ calibration facilities [Ref. 14]. 
Control of the LCR meter was through a Hewlett-Packard 

85 Personal Computer (HP No. 2139A4139A) via the Hewlett- 
Packard Interface Bus. 

The LCR meter 1S a microprocessor based impedance 
measuring instrument, [Ref. 15], which measures the vector 
impedance (or admittance) of the unknown sample to be 
tested. Ten test frequencies were available from the LCR 
Meter: i10kHz, Z0kHz, 40kHz, 100kHz, 200kHz, 400kHz, 1MHz, 
2MHz, 4MHz, and 10MHz. 

Connection of an unknown sample was as shown in 
Beoure 2. A four terminal (HPOT, HCUR, LPOT, and LCUR on 
Figure 2) network was used to connect the LCR meter to 
the device under test (DUT). This terminal architecture 


limited the effects of mutual inductance, interference of 
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the measurement signals, and unwanted residual factors in 
the connections which are normally encountered in high 
frequency measurements. The measurement current utilized 
ie nouter Shield conductor for a return path. Since the 
Same current flowed through inner and outer conductors, 

Dut in opposite directions, no net inductive magnetic field 
was formed which ensured minimal error contribution by the 
mere Leads or fixture to the measurement. 

Dependence of the measurement on the test fixture 
was also minimized by the use of the LCR meter zero offset 
adjustment (ZOA) [Ref. 15]. The inductive and/or capacative 
nature of the complete test fixture was measured at each 
frequency. This was done in two steps, first by measuring 
the capacitance and conductance of the fixture in an open 
@eercuit State (e.g. empty, dry conductivity cell). Then 
the impedance and resistance of the fixture in the short 
Circuit state (e.g. conductivity cell filled with mercury) 
were measured at each frequency. The meter retained these 
values and automatically performed optimum compensation on 
subsequent meaSurements to remove test fixture response. 

The HP-85 computer was used to control the LCR meter 
Via the interface bus. Several BASIC language programs 
were written that fully controlled the measurements taken 
on a given sample. This procedure ensured that the LCR meter 


setup (i.e. measurement parameter, test signal level, 


Tas) 





frequency, etc.) was identical for each test data cycle. It 
also enabled a large number of measurements of a given 
Parameter to be accomplished in a short amount of time. 

4, desi (Ce iius 

Two test cells were used in this experiment. Cell #l 
memea COnVeNntional Conductivity cell as sketched in Figure 3.a. 
The borosicilate glass cell body held approximately 30ml and 
had 2 electrodes coated with platinum black. The electrode 
Meeds penetrated the cell wall through lime glass supports 
mide a brass Capped connection point. The cell constant 
as defined as the ratio of the separation distance to the 
flmiace area of the electrodes. The cell #1 cell constant 
of 1.19 i/cm was determined using the procedures of 
Beeeerence 16. A solution consisting of ./466¢ KCl in 1KG 
of solution (KCl plus H20) was the standard. The resistance 
Was measured using a LKB-PRODUKTER conductivity bridge 
meepe LKB 3216B) calibrated 18 March 1983. 

Test cell #2 is depicted in Figure 3.b. The cell 
was made of 5/16 inch ID thickwall TYGON tubing and two 
meron “tee’ connectors which provided fill and drain ports. 
The electrodes were made of 5/16 inch OD solid carbon rods 
machined such that the electrode face was flat and perpen- 
dicular to the axis of the rod. The electrodes were 
eoemmected to the instrument test leads by means of machined 
brass clamps as shown in Figure 4. The cell constant of 


27.38 1/cm for cell #2 was determined by comparison to 
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eommecelio#i; the value of conductivity for a specific 
solution must be the same for both cells. This method was 
used because cell #2, by virtue of its design, cannot be 
thermostated as accurately as cell #1. 

PoOGimeec MawaseStppOnuca ana partially enclosed in 
styrofoam. This support arrangement ensured no additional 
electrical or magnetic pertubation of the measurement 
and minimized any thermal fluctuations. Temperature measure- 
ments were made with a WEKSLER (type 1509) immersion thermo- 
fimeer. lhe experiment was performed in a relatively static 
thermal environment. Early measurements of a variety of 
solutions showed no appreciable temperature variation 
during a measurement cycle. A constant temperature bath 
was not utilized because of the static thermal environment 


and the inductive effects observed due to bath operation/design. 


ieee EXPERIMENTAL APPROACH 
1. Experimental Model 
Determination of the solution parameters of interest 
required that any effects due to the cell (test fixture) 
De understood and eliminated if possible. To this end 
the problem was divided into two parts: the physical test 
fixture, and the equivalent electrical circuit simulating 
mie test solution and its interaction with the test fixture. 
a. Physical Test Fixture 
The test £ixture consisted of the conductivity 


cell and the leads connecting it to the measuring instrument. 


Zo 





Since the conductivity cell consisted of two flat electrode 


plates with a dielectric between them (primarily water) 
it was capacitive by nature. The test leads were approximately 
6 inches each of RG-58C/U coaxial cable, and had a small 
resistance and inductance associated with them. Additionally 
there were several coaxial connector joints and solder 
joints, each with some residual effect. These accumulated 
effects were quite complex, but were essentially negated 
using the zero offset adjustment (ZOA) feature of the LCR 
Mecer. Ihe ZOA was performed sequentially in two steps. 
The test fixture was assembled with the conductivity cell 
mae cor the Open circuit portion. Initiated by the "open" 
button, the meter automatically measured the capacitance 
and conductance at each test frequency. The cell was 
carefully filled with mercury and the short circuit portion 
meeeene ZOA initiated using the "short" button. The 
instrument automatically measured the inductance and resistance 
at each test frequency. The values were retained by the 
LCR meter and subsequent measurements were compensated to 
remove test fixture response. To identify and verify the 
remaining background of the test fixture, the inductance, 
resistance and vector impedance of the mercury were measured 
and recorded (see Appendix A). 

Umeormunatedy, cell #1 did not have a”drain 
Moet. it had to be physically disconnected to be drained 


and rinsed for each new test sample. This reconnection 
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altered the test fixture slightly, and could have introduced 
errors not accounted for in the initial ZOA. To identify 
these errors, the inductance, resistance, and vector 
impedance of mercury was measured after a reconnection and 
compared to readings after ZOA. As shown in Appendix A, 
Best reconnection values were slightly greater than post 
ZOA values and were subsequently used to determine measurement 
accuracy. The open circuit portion of the ZOA was performed 
Prior to each measurement run to partially compensate for 
the reconnection change. 
Dele steoonution Equivalent Circuit 

The equivalent electrical circuit of the test 
solution shown in Figure 5 was derived using the following 
considerations. The capacitor C reflected the general 
@ieesacter Of the conductivity cell; a parallel plate capacitor 
with a dielectric material between the plates. The 
dielectric material was the test solution, which was pre- 
dominantly water even at the higher concentrations. From 
Hasted [Ref. 17], the dielectric constant does depend on 
Salinity, but this is a small effect and was subsequently 
ignored. Therefore, the value of C was determined reasonably 
accurately from the measured response of pure water as test 
Solution. 

UitemencctGlmtme Circuit ium parallel with C 
represented the response of the solute and its interaction 


With the electrodes. The electrodes were interface surfaces 


ou 









— NS 
~ ms 
mM 
ro NS 
& O 
| 
| 
, | 
Papue See bquivalent Electrical Circuit 


oye 






forthe transition between electronic conduction and ionic 
conduction, and on a microscopic scale extremely complex. 
However, on a macroscopic scale, this transition effect 
was more simply modeled as a capacitor in parallel with a 
resistor. The capacitor reflected the dielectric layer 
fen plated onthe electordes, while the parallel leakage 
mesistor reflected the imperfections in the layers and 
subsequent non-ideal capacitance. Since there were two 
electrodes, each with a different ion layer structure, each 
electrode was considered separately. Cl, Rl, C2, and R2 
were the model parameters that described the two electrodes. 
thesremaining two elements; R and L, represented 
mie response of the solute. As described earlier, R and L 
mommed the expression for the complex conductivity, and 
hMasentne parameters of primary interest in this research. 
2. Measurement Procedure 

The pure water and stock solutions were allowed 
Several days to thermally stabilize in the laboratory. The 
mememeter was energized 4-6 hours prior to any data runs. 
Just prior to a series of measurements, the ZOA was performed 
as follows: 


1. Conductivity cell was drained and connected to the 
meter. 


Meee OpeN Circuit portion of the ZOA performed. 
eeeeecell filied with mercury and ZOA completed. 
Individual measurements were made using the following sequence 


wees teps: 
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a. Cell was disconnected, emptied, rinsed with 
pure water and reconnected to the LCR meter, 


DemeOncwmclECuit portion of ZOA performed, 
c. Cell filled with sample, 
d. Temperature of sample measured. 


e. Test solution description and temperature 
entered into the HP-85 computer, 


f. The measurement program was run. 
This procedure was devised using cell 71. As cell #2 had 
a drain port, draining and rinsing the cell was accomplished 
feeenotut disconnection of the cell. Therefore cell #2 runs 
followed the same procedure except for disconnecting the 
cell and performing the open circuit portion of the ZOA. 

The measurement program provided the specific 
instructions to the LCR meter. The program was written 
using the LCR meter and computer operating manuals [Ref. 15 
and 18] and followed suggested sample programs. Initially, 
the program defined the instrument circuit mode, test 
meomal level, measurement range and trigger source. A 
repetitive measurement sequence followed. At each test 
frequency the impedance (magnitude and phase), inductance, 
resistance, voltage, and current were each measured 100 
times, averaged, and recorded. This constituted one 


measurement run and was repeated for each new sample. 


C. SAMPLE PREPARATION 
Solutions of magnesium sulfate, sodium chloride, 


potassium bromide, and potassium chloride were prepared 
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from pure solid chemical. Since magnesium sulfate is 
deliquesent, the procedure for preparation of solutions of 
the proper salinity was somewhat complex. Mallinkrodt 
Analytical Reagent Anhydrous magnesium sulfate was placed 
in a clean dry pyrex beaker and heated in an electric 
furnace at 130C for several hours after which the powder 
was placed in a Scheibler lime glass desiccator and allowed 
memcool LO room temperature. Stock solutions ranging from 
a salinity (denoted S) of .1 to 100 were desired. Salinity 
is defined as: 100 (wt of solute) / (wt of solution). 
Preparation of the specific solutions was done by estimating 
the volume of solute needed, obtaining that amount from 
the desiccator and rapidly weighing the solute plus polystyrene 
balance pan. All weighings were done on a Sartorius 
analytical balance type 2403 accurate to .0001 grams. 
Several practice weighings were done in this manner, and 
the rate of water vapor absorption by the magnessium 
sulfate was estimated. Using these figures, the sample 
weights were assigned the accuracy of .001 grams. Once 
weighed, the magnesium sulfate was transfered to a clean 
dry volmetric flask. Pure water was added to the flask 
using a 50 ml precision burette until the solution volume 
was 250+/-.12ml (as indicated by the calibration line on 
flask). The weight of solute and water used were recorded. 
Mallinckrodt U.S.P. grade sodium chloride, Mallinckrodt 


analytical reagent grade potassium chloride and Fisher 


oS 






certified research grade potassium bromide were used to 

beepare the stock solutions of each specific reagent. Solution 
preparation was similar to that for magnesium sulfate; 

except that the heating and rapid weighing necessitated by 

the hygroscopic nature of the magnesium sulfate was not 


required for the other reagents. 


Dee EXPERIMENTAL RESULTS 

The experimental data is divided into 3 sections; 
meekeround measurements, cell #1] data and cell #2 data. 

Prior to the data runs, the ZOA was performed as 
described earlier. After the ZOA, the response of the 
measurement system was recorded for two specific samples; 
pure water and mercury. These results are presented in 
Appendix A, and were used in the following section to 
analyse the data. 

Thirty-two samples were measured using cell #1 and 
the data is presented in Appendix B in tabular form. 
select data sets characteristic of the rest are presented 
in graphical form. Potassium chloride was chosen as 
mepresentative, and the results for salinities of 1, 25 
and 100 are shown in Figures 6, 7, and 8 respectively. 
Presented in these figures are the raw data points and 
rOr COmparison, the response of the experimental model 
(solid line). Potassium bromide, sodium chloride and 
magnesium sulfate at a salinity of 25 are also shown in 


Figures 9, 10, and 11 respectively. 
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ce et cedatramsisealso presented in Appendix C in tabular 
form. Sodium chloride and magnesium sulfate data at 
Salinities of 25 and 100 characterized the data and are 
Beesented in Figure 12 through Figure 15 in graphical 


moemat Similar to cell #1 data. 
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Figure 12. Impedance vs. Frequency for NaCl Cell # 2 
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Vo ANALYSES 


The raw data from the experiment consisted of the 
magnitude of the impedance (denoted by Z) and the phase 
angle, which were the response of the test fixture and 
sample. A simple equivalent electrical circuit has been 
derived in section IV that simulated the test fixture and 
Sample. With this circuit, the raw data was used to 
calculate the effect of the sample. Part A describes how 
the sample response was calculated. Part B presents this 
secondary data, and Part C discusses accuracy and sources 


Or error. 


Eee OAMPLE RESPONSE 

The equivalent electrical circuit has been derived in 
section III, and is presented again in Figure 16b. The 
Value of C was determined using the response of pure water, 
the predominant constituant of the test solution. This 
left the six remaining parameters to be determined for 
each test solution. The method chosen to do this was 
to simplify the equivalent circuit based upon the frequency 
range, and generate approximate values for the parameters 
after which the magnitude of the impedance was calculated 
and compared to the actual data. The model parameters 
were then manually changed in an iterative process until 
Close correlation between calculated and measured data was 


achieved. 
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This process was conveniently accomplished using the 
HP-85 computer and a simple program shown in Appendix D. 

The frequency range of 10 kHz to 10 MHz was divided into 
three regions; high, mid and low. Within each region, 

the raw data was fit to a first degree polynomial (i.e. 

f(x) = a + bx) using the method of least squares [Ref. 19]. 
The various circuit parameters were obtained from the 
egetrricients of the polynomial. Capacitor C had a very 
large impedance compared to the rest of the circuit at all 
frequencies. Since the effect of the capacitor C was 

small, for it was a large parallel impedance, it was ignored 
mimene Simplified circuits. 

ieetme fieh frequency region, 4 to 10 MHz, the circuit 
model simplified to that shown in Figure 16b. Capacitors 
Cl and C2, although different, represented a small impedance 
and short circuited resistors Rl and R2. The simple series 
RL circuit remained. The raw data for this region was 
fitted to the equation zZ° = R* + (Lw)* and provided 
Values for R and L. 

The mid frequency region, 200 kHz to 2 MHz, has the 
alielitied circut model shown in Figure l6c. The capacitor 
C was larger than C2 and shorted out resistor Rl. The 
inductor L also represented a small impedance and was ignored. 


The data was fit to the equation 


pee ee tet eZRZ)- (R- = Z*) 
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(this is linear in w 2). Using the coefficients of the 
polynomial and the previously calculated value of resistor 
R, values of C2 and R2 were computed. 

The low frequency region, 10 kHz to 100 kHz, circuit 
model is shown in Figure 16d. Capacitor C2 was smaller 
than Cl and presented a large impedance in this region; 
it was largely masked by the resistor R2 and subsequently 
ignored. The inductor L represented a small impedance 


and was also ignored. The data was fit to the equation 


eo eRe eRe RZ) 2) (aCIRI)°((R + R1)? - 22) 
Using the coefficients and previously calculated values 
for R and R2, Cl and R1 were calculated. 

The program then computed the magnitude of the impedance 
based on an analytical form derived from the complete 
equivalent circuit model. Using the approximate parameter 
values previously obtained, impedance values were calculated 
for each frequency and compared to raw data. An iterative 
process followed where new values were entered manually for 
each parameter to more closely duplicate raw data. The 
final set of six parameters represented the best modeling 
of the raw data and was recorded along with the comparison 


impedance values at each frequency. 


PEC ALCULATED RESULTS 
As developed in section III, the conductivity can be 


Seemessed in terms Of the resistance R and inductance L. 
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Figure 16. 


Dl 





ie wmcd nant OLmtmemcOMaduUuectivity at low frequencies is 
Ko = k/r, k = cell constant, and is often referred to in 
the literature as the D.C. conductivity. The imaginary 
part of the conductivity is Ko(w/b)/(1 + (w/b)*), which 
can be characterized by the damping factor b, which equals 
R/L. The real and imaginary parts of the conductivity 
meee considered separately. 

iMicedamping constant b ismthe reciprocal of the 
conductivity relaxation time (non-dielectric). This inter- 
peetation follows from the development in Section III, 


meecitically the equation: 
Ma<“-yat + mb<v> = qE- 


hieom the applied E-field is turned off, the charge carriers 


return to equilibrium and the mean velocity becomes: 
Semen yt = 0) sexp (-tb): 


iljme GOndGUCtivity relaxation time, 1/b, is designated Tc. 
A summary of Tc for all cell #1 data and select cell #2 
data is presented graphically in Figure 17. Tc data is 
also shown in tabular form in Table l. 

Displayed in Figure 17, the general trend of the time 
Selmotanit was tO increase with increased salinity, regardless 
of the reagent. This suggested that the effect of the 
70n-1i0n interactions were cumulative; the mobility decreased 
as the number of ions increased. Also of note was the 


Pelatively small Variation intime constant with either 
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Table 1. Time Constant Data 


Tc DATA (ns) 
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Salinity or reagent. A change in salinity by 100 resulted 
in a change in time constant by less than 10. The variation 
Sele with S showed definite structure unique for each 
reagent. Analysis of this structure would require a more 
SOphisticated theoretical model, and was not pursued further. 
As discussed in part C, accurate results for salinities 
less than one were fundamentally more difficult to obtain 
due to cell design. Consequently, they were at best an 
approximation to actual sample response and were ignored 
in any analysis. 

The parameter R related to the real part of the 
SBemauctivity, specifically Ko = 1/r per unit length. The 
Ko results for this experiment are presented graphically 
in Figure 18 and in tabular form in Table 2. Following 
Smedley [Ref. 20], Ko was expressed in units of semens/meter 
as opposed to one of many possible historical forms. 

Early models of the concentration dependance of Ko are 
presented by Falkenhagen [Ref. 21] and for low concentrations 


are of the form: 


Kom ona bs). 5) 


where S is the salinity and A and B are constants. Accordingly, 
data points would form straight lines of negative slope if 
plotted as Ko/S vs. (s) *.5 as in Figure 19. Calculated 

data correlated poorly to this model, as expected, for the 


low concentration assumption was no longer valid. Experimental 
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data more closely fit an emperical formula by Walden [Ref. 
@: the rorm: 


Kop aeon, (ite bo)  . 9) 


Ptorting S/Ko vs. (S) ~.5, data points would form straight 
lines. Data presented in Figure 20 approximated this 


linear relationship very well at higher salinities. 


fee ACCURACY AND SOURCES OF ERROR 
This section has been divided into two parts. Part 1 
deals with the accuracy and errors associated with the 
measurement process while Part 2 discusses the errors in 
the derived quantities. 
1. Measured Values 
The data consisted of impedance (magnitude and 
phase) at a specific frequency for a given solution of 
reagent. Therefore the overall accuracy was a function of 
the accuracy of each of these three parameters. 
The HP-4275A LCR meter was used to measure the 


impedance. The meter operating manual [Ref. 23] describes 


22 | 


the accuracy of the magnitude of the impedance, designated Z, 


and phase angle separately. Z accuracy was a function of 
both the test frequency and the measurement range. High 


frequency measurements were inherently more difficult to 


make and were subsequently less accurate. Table 3 presents 


a summary of the impedance measurement accuracy. The 
ten test frequencies were preset by the LCR meter with an 
meeuracy of .013%. 
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CONDUCTIVITY COMPARISON 
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Table 3. Impedance Accuracy 


PARAMETER FREQUENCY RANGE 
VALUE fOkHz-LOO0kHz 2O00kKHZ-iMHZ2 C@MHz 4MHZ2Z-19MH2Z 
mois 9 Ware on Bae eh 76 
(OHMS) 
mio? 42 .SK re LIE oe hve 
PHASE 4 Z 3 3 
ANGLE (DEG) 


* .2% OF METER READING = POTENTIAL ERROR 
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Preparation of the samples involved two primary 
sources of error; the liquid volume and the sample weight. 
Volume measurements were made using a 50m]. precision burette 
With an accuracy of .lml for sample concentrations greater 
than salinity of 4. For lower concentrations, liquid 
volume was determined using volumetric flasks accurate to 
.1l2ml. All sample weights were measured using the Sartorious 
balance described earlier, accurate to .000lg. Stated 
Salinity value accuracy was determined to be 1% following 
@onscideration or the absolute accuracy, the sample preparation 
procedure and potential changes in the solutions while 
stored in the laboratory (i.e. evaporation/condensation). 

An additional source of error not compensated for 
Myeetne instrument was the skin effect inductance of the 
emeectrolytic solution. Calculation of this effect for an 
electrolytic solution and mercury are presented in 
Appendix E. The ZOA was performed using mercury, which 
from Appendix E had a skin effect inductance of about 
2nH. This small inductance became part of the compensation 
for subsequent readings. But the electrolytic solutions 
had a skin effect inductance of about 5nH, and the 
difference between them (about 3nH) was the skin effect 
inductance error. Although present, the size of this error, 
fem compared to the rest of the equivalent circuit, was 
very small. The previously stated impedance accuracy values 


adequately account for this additional error. 
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2. Calculated Data 

itesacecurdeveor cine Carculated results was a function 
Sietme accuracy of the raw data, the numerical manipulation 
Sethe raw data, and the accuracy of the cell constant. 

The determination of sample response has been 
described earlier. A first degree polynomial was fit to 
the raw data using the method of least squares. From 
mime Coetricients of the polynomial vales for all six 
Parameters in the equivalent circuit were calculated. As 
discussed in Hornbeck [Ref. 24], the method of least squares 
ienenently results in a poorly conditioned coefficient 
ieerix With overall numerical accuracy dependent upon 
meesdegree of polynomial used and the number of significant 
Gigits of the computing device. Restriction to a first 
degree polynomial in combination with the 12 digit precision 
Or the HP-85 [Ref. 25] ensured a negligible calculation 
error in the computed parameter values. 

The final set of parameters were determined via 
an iterative process of comparing calculated impedance 
Magnitude, Z, to raw data at each frequency. The accuracy 
of this process was dependent upon the optimization criteria 
Ba@ethe sensitivity of the calculated Z values to changes 
in any one of the parameters. Optimization consisted of 
keeping the difference between calculated and measured 
data to less than 1% (of the experimental value) at all 


frequencies. The sensitivity of the calculated Z values 
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DOmvanIdGtOnS in the parameters is shown in Figure 2l. 
MgSO4 at S=25 was chosen as a typical analysis case. 
Parameters were varied as described from the final parameter 
set, and Z values recalculated for comparison. The values 
of R and L were directly related to the test sample while 
the other four parameters were necessary to describe the 
test fixture. Comparison with the other parameters showed 
that the impedance associated with R was much larger than 
the others. Therefore the calculated Z values were very 
sensitive to changes in R. The value of L was calculated 
from data at the higher frequencies, for this was the only 
region where the impedance associated with L was significant. 
Consequently, the calculated Z values were sensitive to 
variations in L at the higher frequencies. Thus the values 
of R and L served to define the correlation between calculated 
and observed data, and are not present in Figure 21. 

Phase angle raw data was not used in generating 
the system parameters directly. For most samples, measured 
phase angle values started at near zero at low frequency 
and changed only a few degrees. The small phase angle 
was due to the real part being much larger than the 
imaginary part of the impedance. The small change in 
phase angle reflected the small change in impedance of 
the inductor as frequency increased. Thus the phase angle 
was insensitive to changes in R and L. Additionally, the 


measurement error associated with phase angle (Table 3) 
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was proportionally much larger than for impedance magnitude. 
Therefore the small changes in the phase angle had 
eicoOuporated in them a sizeable error. Early analysis 

efforts utilizing phase angle comparison were discontinued 

due to large variations in output parameters. The sensitivity 
and inherent error associated with phase angle data relegated 
its immediate usefulness to that of an indicator of data 
meends only. 

For samples of salinity less than one, an additional 
complication occurred. When considering the equivalent 
electrical circuit, the parameter C was ignored in the 
preliminary analysis for it was a large impedance relative 
Mememe rest Of the circuit. For low salinity samples, 
this relationship was not as valid; the resisitance R 
of the sample was much larger and approached the impedance 
of C within an order of magnitude. Thus the raw data 
metlected the response of C partially masking the response 
due to R and L. As a consequence, the subsequent processing 
of raw data to determine values of R and L was more 
difficult. Calculated impedance was much less sensitive 
memvariations in §£ and R. Accordingly, stated parameter 
values were approximations of sample response and useful 
@seimndicators of data trends for this low salinity region. 

The cell constant for cell #1 was determined to 


be 1.188 +/- .0012 1l/cm using the data and procedure in 
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Harned and Owen [Ref. 26] in conjunction with the LKB 
conductivity bridge. The conductivity bridge was calibrated 
18 March 1983 and certified accurate to .1%. Several 
resistance measurements were made and the mean value used 


Poimeomputing the cell constant. 
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VI. SUMMARY AND RECOMMENDATIONS 


The central result of this experiment was the determination 
of the electrolytic conductivity as shown in Tables 1 and 2. 
The experiment was designed to use direct measurements 
of the impedance and included development of a model for 
ame electrical characteristics of the complete test fixture 
system and a theoretical model for the conductivity. 

Isolation of the sample response from the overall test 
fixture response was accomplished using the system model. 
The conductivity model enabled interpretation of the sample 
response and subsequent calculation of the electrolytic 
conductivity of the sample. 

The physical measurement of the electrolytic conductivity 
was sensitive to the temperature, solution concentration and 
especially design limitations inherent in both the test 
fixture and measurement system. Emphasis of the imaginary 
part of the conductivity (i.e. the inductance L) occurred 
near 10 MHz. The combination of only preselected test 
meequenciesS, an upper frequency limit of 10 MHz on the measure- 
ment instrument, and a frequency dependent absolute measurement 
error that dominated the overall accuracy around 10 MHz 
resulted in relatively few data points for analysis and 
made accurate determination of the inductance L more difficult. 
Additionally, the measured impedance of low concentration 


samples was dominated by the capacitive character of the 
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test cell. This largely masked the response of the sample 
and further complicated determination of the sample 
mabamters. 

The observed changes in impedance were often small 
making precise quantitative comparison with theory difficult. 
However, certain qualitative conclusions are evident: 

1. The experiment has demonstrated correlation between 
measured data and a conductivity model which accounts for 
the inertia of the charge carrier to within 1%. The 
absolute measurement error (see Table 3) increased with 
frequency, with the largest error less than 3.5%. The 
conductivity of the test solutions decreased with increased 
frequency. 

2. The first measurements of the non-dielectric time 
constant, Tc, defined by the conductivity model, were 
generally of the order of nanoseconds. Tc was relatively 
insensitive to reagent type and concentration and changed 
Eyeeae ctactor of 10 for salinity changes of 100. 

Se Observed trends in the D.C. or real part of the 
conductivity followed the empirical formula introduced 
by Walden in 1906 which characterizes similar data from 
other research. 

The proposed conductivity model has been shown valid 
in the frequency region between 10 kHz and 10 MHz, and 
provides a macroscopic rather than a microscopic description 


of the actual chemical processes involved. 
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Future research is necessary to provide precise numerical 
Peabues and to supplement a more sophisticated theoretical 
model. This work directly invites a number of follow-on 
investigations of phenomena associated with: 

- the temperature dependence of the conductivity, which 
is important both for a general understanding of the 
electrolytic conductivity and in specific areas such as 
biological systems 

- the concentration dependence of the conductivity, 
in the low concentration regime utilizing more sensitive 
Mest cells which would provide more information on the 
microscopic nature of charge transport in solutions 

meattenuation Studies utilizing actual signal attentuation 
mipier than measured impedance variation to further verify 
conductivity theory by independent measurements 

- conductivity experiments using complex solutions formed 
by combining multiple reagents and a solvent which more 
@eoscly Simulate practical electrolytic systems and 
Meovide data to extend theoretical models of solutions. 

All of which are important and ultimately necessary to 


@errectly determine the conductivity of seawater. 
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APPENDIX A 


BACKGROUND DATA 


CELL #4 DATA 


POST ZDA POST RECONNECTION 
Hz nF OHMS DEG nH OHMS DEG nH 
“4E+04 6.9126  .00438 0 4.600 .00265 0 S.000 
“RE+04 6.8048 1.00452 O 4.600 00272 O 4. s00 
“4E+04 6.6828  .00160 0 0.000 .00275 0 0.000 
“4E+05 6.5344 .00172 0. 280 100282 oO . S20 
“2E+0S 6.4078  .00184 OF  .400 .90286 Oo. 240 
res 4.3089 (100193 oF  . 400 .ooz88 Oo . 2290” 
“46406 6.2242 00244 OF. ie2) | 00s02 9G) «ioe 
“RBE+06 6.4658 .00226 0 1.046 .00406 0 1444 
Wiege 6/0827 «00668 9 1016 1.00996 GO .048 
Meen7 6.91463 106258 0 4.434 1.08746 08 ¢.702 
Pris lice <2 pala #§# 
POST ZOA POST RECONNECTION 
Hz pF OHMS DEG oH Bee DEG | nao” 

(4E+04  .1356  .00080 0 3.800  .00070 9 4.400 | 
“RE+04 4386 .00066 0 4.000 .00058 Oo 4. 600 
“4E+04 14437 100056 0 4.000 .00052 0 0.000 
“4E+0S 4538 .00052 0 1.040 + .000SB Oo .640 
(2E+0S .1692 .00078 0  .460 00090 0 | soo)! 
4E+05  .4954  ,00140 908. 700 + .00438 OF 020 
“46406 4943  .00320 0 1.228  .00378 #08 | A476 
“2E#06 4724 00580 Oo. 306 .00S70 oO. 440 
“4E+06 4444-02094 0 344. .02298 0. | 4440 
“4E+07 4247 02290 0. ~,| ABS 00) JER 923. 
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APPENDIX B 
CELL #1 DATA 
MaSO4 DATA 

c= 


— ome ee wee ee ee ee ee ee ee ee ee ee ee ee es ee ee ee ee ee ee ee ee ee ee ee ee ee oe es ee ee ee eee ee ee ee eee ete Gee ae Gee a ae Gee au? Gu ae au? aur aut au aw am au 
ee ee ee eee Ee ee el ee ee ee ee ee Te ee. ee. DD TD a Ne ed tel 
— CE CED wee tee eee ees es es ee es oe ee ee es es ee ee ee es ee ee ee ee ee ee ee ee ee ee ee et oe oe om om em a oe ow oe om om am oe ame om cme cee oe cee ae eee eo ow a= 
a coe CU Ee ee ce ey ee ee > CED CED GD oe ed cee came) GERD Che cee CED ee eee ee oe ee oes ee ee ee ee et ee ee ee ee ie ee es Oe ee ee oe ee oe ee ew ee) ae ee ae ae ou 
ant Ct cai ah ED a CRE coe GY SY GE a Ge CE UE et Oe Gt ct au GE Ge ey au cet au ou Gee GES Se Gee a ene GE Go) SE es ee eee ee ee ee SS oe Se 
a ne ee et ee ee ee Oe OE SRE OED cei oe ee co eet cee ee ome et ome eee ene GE ae ae oe: Gate ee get ee ee ea ee 
> ae GE ame) Ce ae ae Gee Che ae Gee ome ae CE oes cee aut G8) Gee eee ome ae ee eee ee ee ee Ge ee ee ee ee ee ee eee ee ee ee ee ee ee ee ee ee es eee ee ee ee ee ee ee oe ee ee oe 
ee ees ee ee ee ee One CRED GD a ce cues Red CED Ge ee ome eee cu cee CbeD oe eee eee ee ee wee ee oe ae ee oe eee eee eee oe oe ae a ew em om oe oe oe ow © ee om cee Oe ee ee ee ee oe 
—_ oa ae a> GP One) Gee me ee eu ae au e8te ce ci ED ee eee eres eres em cnee ee ae ee ote cee ee Oe ee oe ee ee eee ee ete oe ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee oe oe oe 
a A o> CREE Gh Gt ae OD ORE GD cee ee ee > oe) ee Ge ee ee et ee ee Ge ee ee ee 


—_piewe 626 GP ee ae oe ae Oe ee ee ee ee ee ee ee ce a Ga Ge ee ae Ge Oo 


Hz OHMS DEG OHMS DEG OHMS DEG 
“46404 465.760 -.020 78.988 -.046 52.643 -.069. 
26404 165.742 -.040 78.982 -.027 52.624 -,040— 
“4E+04 465.716 -.017 78.976 -.024 52.610  ~,025. 
SES 165.696 -.047_ 78.973 =.027 52,599 = 024 | 
2E+0S 165.669 -.080 78.966 -.035 52,588 -,018_ 
4E+05 165.625 -.454 78.952 -.054 52.572 -,047_ 
4E+06 165.574 -.405 78,935 -.153 $2,555 -,953_ 
BE+06 165.476 -.759 78.945 -.254 52,544. -, 054 
4E+06 165.296 -1.476 78.885 -.499 52,519 -.401. 
SE+07 166.995 -3,510 79.082 -1.i64 53.178 = 166 | 
S= =100 
HZ OHMS DEG OHMS DEG 
“4E+04 936,941. -,099 29,013. ~,122 
2E+04 =. 36.926 -.056 28.997, 071 
46404 = 36.946 -.033 28,986 -.038 
4E+0S 36.908 -.047 28,977 -,046. 
-BE+05 36,899 -.005 28.968 904 

4E+05 36,886 .044 28,956 .033 
“4E+06 36.870 .024 28,940 085 
BE+06 36.856  .440 28,927... 234 
4E+06 36,830 1.238 28,899. 487 
“46407 37.351 714 29.332 1.356. 


Se CE COD NS cee CUE oe SNS SY ee CEES SE SD te ey Ge ey ORD Come Ge Ge rms Ge em ene oem eee Ge cee Gt) Ge oees GE es CUED eet ee Gs es et ES 





NaCl DATA 
= 


Hz OHMS a. * DEC OHMS DEC OHMS ae DEL 
“{E+04 $962,700 -.143 687.930  .007 488.808 -.010— 
"BE+04 $965,700 -.288 688.710 .002 188.825 -.005 
“AE+04 $967,500 -,600 689.250 -,040 188.8246 -.043— 


-_—— ee ee eee SE eee eee cee ee ee ee ee es ee ee ee eo ee ee ee ee ae ee eee em emewe= awe ae ae emwewanm ew ee emwemweaemwmamwamw am oew am eomwmeamamwamwamwamw owamwam 2B am es 2S aw as 


— ome a eee ee ey Oe ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee 6 6 6 et 6 ow om em em om ome am am ew ee 6 6m 6 em em oe eo em ee es = 


Hz OHMS i DEG OHMS = DEG DHMS Fe NEC 
“4$E+04 = 77,360 --.029 = 34,444 --.059 = 47.990. 403 
2E+04 977.344. -.046 34,408 -.032 17.988 -.058— 
“4E#04 77.334 -.044 = 34,405 -.048 = 17,987 -.028 
“4E+0S 77.330 -.024. 34,104 =-.009 = 17,987 -.003 
as 7732S) 027 0S 34,104 =. 03s‘ eS; 023° 
“4E+05 = 77.343 --.043 34,094 =. 024k 7,984 077, 
“4E+06 77.304 -.428 34,084 .0S4 47.972. 240. 
BE+06 = 77,297 -.207 34,078 =. 460 47.968 503. 
“AE#06 77.280 -.444 934,064, 336 17,957 4.088. 
4E+07 78.290 -.944 34,543 .992 18.214 92.637, 
— Sa Ls ltt tti“‘i‘C ;C;‘(‘i‘i‘i‘i‘i‘ 

HZ OHMS DEG OHMS DEG 
“4E+04 = 44,430,123), 249) = 1 BL 
BE+04 = 44.426 -.065 9.246.097 
“4E+04 = 44,423 -,034. 9244-045 
“4E+05 14,422 -,001 9.243.004 
RE+0S 14.420 1034 9.244 .060° 
AE+0S = 14.445 4039, 237 189 
“4E+06 44.407 (286 9.228 (478 
“2E+06 = 14.404. 663.9 2B OTA 
-4E+06 = 14.390 1,430 9,205) 2.343 
“4E+07 14,588 3.454 9.406 5.630 





KCl DATA 


Hz OHMS DEG OHMS DEG OHMS DEG 
1E+04 6387.300 eee, 7567720 . 009 Oro ee & seg U) 9k, 
2E+04 6388.800 em ed 7 SG, 90 0 003 17S eee4 = 20a 


=p = ap aeee O22 ae Ge cee seme ee ces eee eee ee ee ees Ce One ees ee Oe oe 6 08ee cee oe eee eee eee eee eee eee ee ae 88 D oe a seme 688 oe ee ae coe oD ap «48 eae as = a cen cone Oe ce Oe oe eee oe ew ae 


-— me am eee GE oe GED eee ow Se a= GS oe ce ae see CR ee eee Ge eee ee coe coe ee? ees ee tee es ee Gee cee ee ee Gee es es ee Ge OP aD O8P GG  e e eee coe 


=_— oe eee ese Se eee eee et eee em comes cee cee eee Ge eee ee ee cee ees eee ee ee ee ee eee ee ees ee ee ee ee ees ee ee ee eee ee ee SP OP Dp SRB SS ae oR TT oo CR SS ees ot St ee Se ee Oe eS 


- comp oe ase ee coe eee ere meee ce copy eee cee ee ees ee es oe ep i ee ee Se ee ee ee ee ee ee ee ee ee eee eS Oa SS a ee ee ee ae ee 


> eee eD See SP ce CORP ae cee C88) cee GD eee 688 eee eee eee ee ee? OD er eet ee @@ ow ee coe coe eee eee oe coe oe 08 ee ee ee ees Oe ee ee ee ee ee ee ee es Oe Oe ee ee ee ee 08 eee eee ee ae cee 


es ee ee ee ee ee ee eee eee ee ee ees eee ee ee ees ee eee ee eee eee eee ee eee ees ee eee eee eee eee eee ee OO eee eee ee ee eee ee eee ee eee Oe eee ee eee ee eee Oe eee ee ee ee ee eee Oe eee ee 


——> => a= ebe) Gut qe GEE ee eee oe cup foe oe aoe Ge ce Ges epee ome eee oo eee ee ee ee ee ee es es ees ee eee ee ee ee ee eee a SS SS OS Se se eee ee ee ee ee ee ee ee ee 


S=4 =25 $=49 
Hz OHMS DEG OHMS DEG OHMS DEG 
Wiets4) 751395 -.0222Sss 34.209 ~~ = hE 27 ee ee 
BE+04 75.370 -.018 = 34.203 040 16.249 =~. 074 
Myers 75.348) «0 -.044 02S 34,499 «= -. 0240S 46.243), 035, 
ME+0S —75.333___-.020 34.195 009 46.238 904 
2E+0S 75.343 -.024 34,188 .007 46.234 .029° 
46405 75.287 -.036 = 34.180) .035. 46.222 094. 
Wee 751263 44002034468 ~=30S0802Sssit.209—SCt«S 258 
Meets, 75242-1473 34.160 247 26.199 603 
Meets «75/226 -.349 31.143 1449 46.487 14.302. 
Beso? 76.143 -.826 31.508 1.247 46.540 3.224 
HZ OHMS ~ DEG OHMS ~ DEC 
rea 38412.529 -.156 7.938 -.237 
Meroe) i2.522 = —-.083)0S~*~=<~«S CSC 
Meera 121517 -,040 £7,931 -.060. 
“4$E+0S 42.512 -.002 7.928 .005. 
“RE+0S 42.507. +.040. «47,925 + 075. 
“A4E+40S 42,499 + +.424..~=~=CO«, 92D”—~S 209. 
“46+06 42.488 .344 47,940 1594 
“BE+06 42.478 1783 7.903 4,323 
“4E+06 42.465 1.689 7,894 2,845 
“4E+07 42.549 4.288 8.031. 7.626. 


awee@w ema G@wawes @@ ae a at ap == 282 a=? come cOme cnme cee oe coe coe eee cee eee cee eee eee eee ee cee ew eee Ge 88s OD ce eee oe oes Ow aw == 





KBr DATA 
ron 


<-> -ee ae cme) ees ee Oe Os ees Os 9 ee ee ee ee es ce ce ee oe ee ee ee ee ee ee em at oe oe oe em om om cme eee ee ee wm ee oe ee ow ow aw om cme cme ew ew om oe 
0 cu = Gree ew ee ee we es ee ee ee es es es wes ts ee wes ee ee ee ee ee ee ee ee ee et ee ee ee ee ee ee es ee ee ee ee ee ee ee oe 
0 = ae eres cow ee Cm eee es es ee ee ee eee ee ee es ee es ee es ee ee ee es ee ee ee ee ee oe? emt ee oe ow oe ow ow amt 28 oe @8 ew ew oe om Cm am cum cmp cmp cmp com cme ow ow o= == oD 
=e ome ees om OS ee oes oe se es ee ee es es ew ee es es es es ee ee et ee ee oe om ot 28 28 28 28 2 @w ow ow @@ 28 ©8 28 ow oe @e ow am CD cm 6 ew @e om om ew ow = ew ow 
— c= cup = amt ae) ow a cme owe owe ee cee ae oe ce coe oe oe ee ee cm cee oe com come en en ee ee oe ee ee ee ee ee ee ee ee et ee oe GP ew aw ew ew = aw om CP = 28 oe ow oO owe am ow 
as ES eee = ge ee ees GD eee Os es ee ees ee ee es ee ee ee ee ee ee ee ns ee ee eee es ee ee ee ee es ee ee ee ee ee ee 
me ees ees oe es ee ee ee ee et ee ee ee ee ee ee ee ee ee ee et et ee et © oe ee oe oe Om em om oe ee ow om Cm ame = ce em er cme ee 6 ow cm ee ew oe oe oe oe 
a os ae oe = ae Ce Ge) = eee oe ee ee oe ew ee ees ce es ee ees es ee Oe es es es es ee es ee ee es es ee ee ee es ee ee ee es es ee ee ee ee ee es es es ee es ee ee ee ee es es 
os aos CED ee = ee ee ees ees ee ee ee ee ee ee ee ee ee es ee ee es ee ee ee ies ee ee eee ies ee es ee ees es es es es ee ee es es es ee es es es es es ee ee ie ee ee = 


{E+07 2554.320 -73.887 1000.4110 -22.443 280.825 -5S.877 
mr )0)”C™”téi“‘“‘ésCSNGOOUO!O™~7;7 }+}€hph)emmeltlti(“‘i‘ié™OSOSCSSNCO”;*~*# 
Hz OHMS DEG OHMS DEG OHMS DEG 
Wes) 1if6ida5 =.046 47.454 -.040 24.533 -.074_ 
"BEs08 148,030 -,009. 47,443. -,023 240527 = 0043” 
Miero4 894416.058 -.045 47.435 -.045 24.522 -.023. 
Mies 1161040 -.033 47.428 -.045 24.518 -.006. 
eres 115.966 -.053 47.446 -.01S 24.512. 013— 
“aes0S 115,952 -.095. 471399 -.912 24,502 048” 
“4E+06 115.905 -.256 47.376 -.040 24.488 .119° 
"e+e" "145.058 7.449 47.3492 ade ea a8 
4E+06 445.764 -.862 47.310 1.009 24.449. Best 
ME*07 417.085 -2.031 47.817 477 24.679 4.829 
HZ OHMS DEG OHMS ~~ OPEC 
“46+04 18.750 -.094 44,864 -.443. 
“BE+04 48.744 -,053 44.859 —.076. 
M04 18,740 -.027 11.855 -.036. 
“4E+0S 48.737 -.002 44.852  .004. 
Megs) | i8.722. #1026 =<{1.847 «043 
“4E+0S 48.734 075 44.844 + ~+~«.430 
“46+06 48.713. 498 44.830 364 
“2E+06 18.703. 1479 #«2+44.824. ~~, 834 
“46+06 48,681 14.003 44.805 4,797 
“4E+07 48,884 2,619 44,899 4.607 


us 






APPENDIX C 
CELL #2 DATA AND MODEL PARAMETERS 
MaSO4 DATA 


Hz OHMS > DEG OHMS DEG OHMS ~~ DEG 
“4E+04 22025.100  .045 8143.700 .932 3763.230 .003 
“BE+04 22039.900 .045 8152.800 .0S2 3767.920 016. 
“4E+04 22052.600 .085 8161.400 .062 3774.530 .022, 
“4E+0S 22069,700 .204 8170.200 .088 3773.890 .033 
“BE+0S 22093.100  .399 8177.700 .480 3774.870 074 
“4E+0S 22135.000  .760 8186.400  .325 3775.430 .443° 
“4E+06 22293.800 4.729 8205.200 .686 3777.430 . 295, 
“BE+06 22697,000 2.970 8236.300 4.287 3784.080  . Sei 


apa 2p ow Seana @ee= a@weeae ates ease ewanweanawew ee a=wawieweameie= ea@meeewamwaweaes eta eae aw een eV ee = aw a= eB ae ae aew ee ae aewe as a= 22 22 oe GS a= a= a» 


S=2 S=49 S= 
Hz OHMS DEG OHMS DEG OHMS DEG 
“4E+04 1820.460  -.043 1214.990 .040 902.440. ~. 020° 
“RE+04 1819.930  -.004 4215.060 .050 902,600 .039— 
4E+04 1849.430 .005 4214.560 .054 902.470 038. 
4E+0S 4849.080 046 1214,420 027. 902.520; 018 
“2E+0S 4818.790 .039 $214,060 .074 902.400 .053_ 
“4E+0S 1818.620 083 1243.830 .100 992.350 080. 
“46406 1819.400 168 1244.260 .132 902.720 . 104 
“2E+06 1820.230 . 344 1243.780 222 902,480 . 188 
“4E+06 1824.850  . 683 1214.450 ~~. 437 902.850. 367 
E407 $867.900 4.594 1235.270 1.047 916.970. 905_ 
HZ OHMS DE 

4E+04 705.810 .00S 
“2E+04 706.440 .027 
“4E4+04 706.460 «027° 
Mfero5 706.230 .6i3 
“BE+0S 706.190 043 
“4E+0S 706.400 049 
“4E+06 706.300 + .090° 
“RE+06 706.440 474 
“4E+06 706.300. ~~. 344. 
“4E+07  716.840.—, 930 


“Sam enema apeanman awe a= Gm am == as ee == aw oe == ae a == ae aw 
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NaCl DATA 


Hz OHMS DEG OHMS DEG OHMS ~ DEG 
“GE+04 16034,.200  .070 4406.140 .007 1903.,360 -.0415 
"BE+04 46032.300  .105 4402.310 .049 1904.220 -.002— 
“AE+04 146028.900  .432 4398.240 .024 1899.160 .004— 
4E+0S 46032.700 1474 4393.690 .024 1897.280 .007 
“BE+0S 16033.600 1357 4388.710 054 1895.470 .020. 
~4E+0S 16041.000  .639 4384.140 .097 41892,.820 .04S5— 
“4E4+06 16404.300 4.376 4384.230 .4178 {892.770 .075. 
BE+06 16257.000 2.534 4379.220 .350 1892.180 .4162 
“4E+06 46852.900 4.496 4388.040 .728 1894,.660 .330 
“46407 19927.000 3.670 4542.640 1.604 1931.610... 756. 
Ctl lGaeGlUt™tCtC“i‘i‘“‘COCOCSSCCOCOC”™”*~*~C~C”C”””:CC(‘C(‘C(NCT(C#S 

Hz OHMS DEG OHMS DEG OHMS DEG 
“4E+04 792.540 .005 424.242 -.026 329.090 -.038. 
“aE+04”~"793.470- 020” 403,907 091 _~329.1207"=010” 
“AE+04 : oe 060. 027 423.383 006. 329,085 902, 
4E+05 791.670.0144 -423.042 = .004 + =329.098 -.004 
“BE+0S 794.240 .042 422.634 .022 329.056 .015. 
“4E+0S 790.960 067 422.279 042 329,034 033, 
“4E+06 794.480 . 085 422.043 .050 329.064. 040. 
"aE+06 791,070. "s1807 484,797 1177 _309.050. 2007 

4E°+06 794.520 hal re! 421,618 226 LES £48 _ 70 
“SEs07" 7 a0 a30” "1783" _#a7 338,500 353,090. a08” 

HZ OHMS DEG 
Mieso4 225.523 -.061 
“2E+04 225,303. -.027 
“4E+04 225.282 —.012 
“46+0S 225.272 -.006. 

Beas) 2251239 .009° 
“4E+0S 225.192 .027. 
Meee) 225.174 .036 
“BE+06 225.444 .403 
“4E+06 225.140 195. 
“4E+07 228.089 + .4419° 
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CELL #41 DATA - 


S C4 R4 P L 2 R2 

S/m F OHMS OHMS 7s jf ore 
$9» 003 83.600 4438.600 44.7000 .0001 144.370 | 
"5,00  .040 2.500 679.000 .6800 .0035 8.000 
"4.04. 1030 4.220 487.000 .4400 .0350 . 600 
40.03 43,000 .033 76.500 .2200 .0300 . a12 
25,24 65.900 .049 33.600 14420 .0480 ~~. AQ2 
"49,84 400.000 .007 447.750 .0640 .4300 .234 
"65.40 60.000 .040 44.250 1.0470 .4800 1466 
Mieisa i2p1000 (002 | 5/870 .0285 .2400 .168 ~~ 
Mer PTE) 0 9Mgc04 PAPaMETERS 8  ### © 

S C4 Ri oe ees R2 

S/n FOHMS OHMS HF OHMS 
-.2B6——~« 04S. 000 2908.600 4.5000 .0004 260.900 — 
4.43 «2.500 1.375 944.600 .2500 .0048 43.080. 
3.87 6.000 .355 358.600 .4010 .0300 2.020 
40.06 44.000 .104 164.750 .3250 .0Sio.. S80 — 
Meee 40.000 020 78.4690 1850 .2000 .262 ~~ 
Mess 36,000 (053 S2.s90 .4300 .3000 ipa 
Mess 226.000 .064 34.580 1412 1.41420 1292 ~~ 
94,55 20.000  .047 428.700 .0900 .1600.~. 250 
ee) :~—*~—s—<“—t RE PARAMETERS =§=60mrC—“<‘<i‘“‘“‘“O(‘(C(((N(C(C(C;C®W 

: C4 Ri ——— C2 2 

S/m --F QHMS OHMS Si ir. ones 
40~*~<«SK 00 «66378.000 S.0000 .0500 16.300 
4.00 4.000 1.450 734.000  .6600  .0300 2.440 
4,00 8.000 .424 495,060 .3700 .0990~ | pea 
40.04 25.000 (080 75.040 1.4770 .2500.~. Bast | 
25.26 $0,000 .026 34.060 .0780 .4500 424 
49.93 55.000 .033 46,440 .0390 .8500 .oR84 
65.60 70.000 .023 12.450  .0240 1.6000 050 
103.97 75.000 .045 7.860  .0260 4.4000 .060 


owen of ae Oe em = Om om a amt ae ee ow a © C8 of om oF oF of oF Ow @O OR Oe = ow or ow oe © © = ow ow SF ae = ow oF om OF GS GF oS OS & ow a ow OF ow =e aw 
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CELL #41 DATA 


ea a ee ew ee ee ee ee oe ee ee ee oe 


S Gi dee R Lk 2 Re 

S/m FF OHMS OHMS HF OOHMS 
40 ~~. 500 4.240 10000.000 .9000 .0020 234.000 | 
~ 4,00 .200 890 4064,500 .6000 .0100 14,680 — 
4.04 3,000 433 278.300 .4250 .0650 4.430 — 
"40,04 41.000 .064 445.500 .2450 .1700 465 | 
25,19 29,000 .043 47.200 .4090 .3000 . 204 
49,69 53.000 .024 24.400 .0550 .5500 .405 
65.20 60.000 .045 18,640 .0465 .8500 090 | 
“402.93 50.000 .017 44.780 .0257 14.2500 062 


Seat an at 8 awe ee a a OF awe GE ow a OF ee ae a a ee ee ew Se ew ew eo aw we 28 2S ee we ee ew aE ee ab ew et aE a eSB SOB SRB ee ee ewes eb ab ewes ab abe ee 


—_— ee eet a oe ee a ee ae oot eet eet ae oo 


S C4 R 4 R i C3 P2 

S/m -F QHMS OHMS ii ee Gum 
25,24 £.000 4.340 789.000 2.3500 .0300 2.420 — 
Mmsiss i2)000) 0098 224.400 14350 .0700  « B09 
_— waSQ4 PARAMETERS #8 © 

5 C4 ro 2 i oe R2 

S/n -FOHMS OHMS HH FF OHMS 
"25.08 2.000 4.460 4845.200 6.6000 .0450 2.6970 
94,55 4.000 .900 703.000 2.4000 .04100 2.490 


ean ab am a a ee a ee ee ee Se ee ee ee ee ee we ee ee ew ee a ee ee ee a ee eo of am oe O88 ae aS of we Se ee we ee Se eee ew ee oe oe am ae oe am es OS at es =e a 
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OSE cy 


DO GTN te 


| el ps ps 
we 1 
Seis 


J,cn bd OJ 
CoN Sr eS ey 


t-~+ poe bee pe 


“J 
by! 


=< 


—~H~ TOD INN WII DOG iO Nea wily Dio w 
COS) OD Ap Re she ee eS Se DO 


OCI UIGIOS oJ irg odo) Cs Popo Pa tha Photo Bah 6a fia re 


ANALYSIS COMPUTER PROGRAM 


OP Iin S8se 1 

DIM =i. lbs, 201d, Teas Ce ltes 
IIllP “ENTER DATA FIle. LABEL 
kite ¢AdAmos” 

[heOwyT PF,0S 

RSSIGN# 1 TO PF 

ASD IGHH 3 TO us 

OlSP “WHICH DATA COLUMN 1-4 
IHFUT B 

RESO# 3,8 ; L§ 

Far TI=1 TO 14 

eS us 

ero = te 

NEXT I 

SS=bante: TO 

ASSIGM# 3 TO xX 

OATA © Slo.6 &SU5S.6 632.5 SF 
>. S3@8,.6.2893,6 22Fi,0 tease 
Soe SS) 

REM 1256; 1886, 1437, .153 
See SS  ilsles\5 |) 2) eye aac Se 
4932, L2465 

FOR JT=1 TU 18 

RERO CCID 

NEXT I 

TIN KEY# "b4 J F* GQSUB eeyB 


1, 

Meera es, NT Fe LUSUE s/7u 
ON KFEY# 3, "LO ee GOLUB 463 

ON KeY# 4."2"% GOSUB 328 
Paiieetemie 1 CAG GI 

Clomaoeece | BET ION" 

Gee 7 

oes es 

GOSUB S3H 

R=SRF CABS CHAS) 

Pest Renea Cal o> 

ther re 15 "ok 

HU) CS sinc Cae Gre ea 

ES) Sa ae S| 2 (9G al a 


C2=SQECABSCAILC CRA? =e = D 
R2A2).) 


isso to 8 3 Le 
HEAT I 
Mien teR C2" 


INPUT Cet? RETURH 

CLEAR @ GOSUB £98 
RI=SQR CHES CHO) I-CR+R2) 

OISP "R1 I5 "GRt 

Zuma os 10) So 

P= oom Creo. Al Z7CCCR+Re2)*2-2C 
Die eral @ 2) ) 

Wie Ci oto “5 Cl 

NEXT | 
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DISP "ENTER C1" 

INPUT C1 

RETURN 

CLEAR 

DISP "FORMAT;C1.R1-R.L.C2,R2 


iS ee tee eo Cl. Re 

VroP ee Rit el ARNGES 7H” 

INPUT HAF 

IF A$="N" THEN 644 

OS weenie ls kRick,L.C2,Re" 
Pie Clee eae Ce Re 

PSP een TOeeRT PTR 1,2" 
INPUT WK 

Peatier [Sah 

PRINT LS 

PRINT SEORMAF:Ci,Ri.R,.L,CeS,R 


PRINT C1.R1,.R,L,C2,R2 
PRINT “FORMAT; FEF 2,-CALC 2" 
FAR T=1 TO 18 
WH=2*tPIt* FCI +1 600Gu0 
C=CcC IT *. Buasol 
Gl=1"FR1 2B G2=1/7Re 
AL=H=G1*2+CWKC1)°2 
AZ=G2*2+¢CWt*C29°2 
B=(R+G1/A14+G2/7AR290*2 
D=L-Ci-HA1-Ce2e-A2 
E1=(O0r0)2 
E2=B-CWICI2 
ES=N42% (0-17 CW42k*C)90°"2 
B=SQORCRBSCCEL+E297(CB+ES) 2) 
PRINT G2 C105" ea 
NEXT I 
DISP “ANQTHER PUN, 7-H" 
INPUT OF 
IF os="“Y" THEN 57a 
RETURN 
REM WILL OOF A SIMPLE LST SaR 
S FIT To OATA 
$1.$2.53,S54=%4 
BDISP “ENTER START PT.END PT 
FOR SUM" 
INPUT $3.59 
S=S2-Ss71 
FOR I=Ss TN 39 
R=EC2KPIXF CIOL 909008) A2 
P=2¢T 3°32 
S1=S1+% 
S2=S2+%°*2 
S3=S3+P 
S4=S4d+PH£¥% 
NEXT I 
Yi=S3-S1 
B1=S1*Sircs2etks> 
Y2=S4-s2 
M1=S-S$1 
H@=CY1-Y2.-CCL-Blo*M1D 
Ai=Y1-ABtM!1 
RETURN 
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Pee DX 5 


SKIN EFFECT INDUCTANCE [Ref. 27] 


To determine the inductance, the current distribution 
across the conductor must be determined. 

Senotacr a CyLind; weal conductor of radius a, length 2%, 
across sectional area A and conductivity Ko with current 


flowing along the long axis. The current is: 


= Ber (br) + jBei (br) 
Lie) SL ese ae jBei (ba) 


where R = &£/AKo, b = (27f uoKo)¥2 = v EKO 


Cea Xe) 








Ber(X) = 1 - - 
ea) * (41)° 
2 ey es) 2 Ian \5 
Bei(X) = BS = (2X ) a (%X ) - 
Cs (08 
im Case I 
ROweweonad oe — 2.02 Or. 0lm, fmax = 10 Hz and 
Wonenax) = 10 s/m (Characteristic of an electrolytic solution): 
bae= 2.cl x 10°° 4/fmax Komax 


= 01 


which is less than 1, allowing all the higher order terms 


to be neglected. Thus we can say: 


82 








Ber(ba) = 1 = Ber(br) 
and 
Z 
Bei(ba) = ee) = 0 (.02 maximum) 


Therefore the current is: 


iG) =e <2 = lo 


+ jo 
Wien imples the current 1S constant across the conductor 


cross-section. 


we Case I} 
For r < u, u = .02 or .01 m, fmax = 10’ Hz, and 
Komax = 10’ S/M tenanaeceristic of 4a metalic conductor) : 


ba 


ieee imax Komax 


= 281 
which is greater than 1, and emphasizes the higher order 
terms. Thus, the current will be contained almost entirely 
by the outer surface of the conductor. 
The electrolytic solutions can be characterized 
by the development in Case I. The inductance (L) can be 


computed from: 


y 


erie I H2 dv 


where u is the permeability and H is the magnetic field. 
For a cylindrical conductor of radius a, length h and 


MaeeeOrm Current distribution: 





one. 


a F 2 
iene wee Uo LY _ wou 
O 


Mims, the indwetance per unit length is: 


L _ _ = aes @| 
ne ae sf LO Tm 


maomerore £Or an electrolytic solution in this configuration, 


with h = 10 m = .Im, the skin effect inductance is: 
Ee= on Used =) Shit. 


The zero offset adjustment (ZOA) is performed using 
mercury for the short circuit portion. Therefore, the skin 
effect inductance of mercury must be computed. Since the 
current in a mercury conductor is carried in the outer 
Simerace, as shown in Case II, it can be modeled as a plane 
conductor since the curvature is unimportant. The impedance 


Smee Strip Of Conductor of width d, and unit length is: 


electric field 


i) 


_ o£ 
z= =, & 


J 


current per unit length 


R + jwL 


It can be shown that: 


Le — Koe= Conductivity, £ = £requency 
=e 
— oy Us 
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Equating the imaginary parts of both expression: 


jOL = igspa miata 
the impedance becomes: 
L = : = 3.162x107" H per unit length per unit 
Bien d \/fKo width 
ese Olm see—ai0) — 10 ez, Ko = 10’ and length = .1n, 
Tels One ea 10” Bie 
.05nH eS i Ne 


as the skin effect inductance for mercury. 


85 





Pi SOF See cERENCES 


Poko s ietimmand Debye, P., Physik Z, v. 29, p. 401, 
IU SVASre 


Hamed, H. S. and Owen, B. B., Physical Chemistry of 
EVeCCEGOymietCc SOluULTons, Reinhold, 1963. 


eomdoneres Vo wand Odishaw, H. (ed), Handbook of Physics, 
McGraw-Hill, 1963. 


Dicthe eo mlcne lie mcempeetatlon of Lonic Conductivity 
gus Soh bowie n ces > ml o.0. 


ROCs a Emam ccOsciianm:., Electrolytic Conductance, 


Interseience, 1959. 


Lwuccwmaccivane,  sheGthOolyte, o. Hirzel Verlag, 
letp2le, L355. 


ae mmtioreae cy, V. 29, pe 62/7, 1928. 
Coco Older hiv Stk 25 Vo 5+, p. O60, 1935. 


streetman, B. G., Solid State Electronic Devices, 
Prentice-Hall, 1972. 


iieesOmemee li. , Classicaly electrodynamics, Wiley, 1962. 


Peer electromagnetic Frelds and Interactions, 
Blaisdell, 1964. 


Mintel Gs Introaquction to Solid State Physics, 
Seaead., wiley, 1966. 





ibade p.. 592. 


Hewlett-Packard letter HPON: 2700-34857 to Naval 
POstgraduatre School, subject: Certificate of 
Conformance, 18 November 1982. 


Hewlett-Packard Company, Operating Manual Model 4275A 
Miumkeatnequency LCR Meter, W932. 


Fomicdiwettao. and Owen, B. Bs, Physical Chemistry of 
PheGerolvEete Solutions, Reinhold, 1963. 





86 





Weeeiastea, J. Ba, Aqueous Dielectrics, Chapman-Hall, 
Eo oe. 


18. Hewlett-Packard Company, HP-85 Owners Manual and 
Programming Guide, 1981. 


19. Hornbeck, R. W., Numerical Methods, Quantum, 1975. 


20. Smedley, SI, The Interpretation of Ionic Conductivit 
Tim cuids ee henunerress., 1980. 

Mea cennagen mene. Blectrolyte, S. Hirzel Vorkeg, 1953. 

Pcl con, bp ame mystk emem, V. 108, p. 341, 1924. 


25. Hewlett-Packard Company, Operating Manual Model 
7c Shem auenleyeron Meter, 1982. 


24. Hornbeck, R. W., Numerical Methods, Quantum, 1975. 


25. Hewlett-Packard Company, HP-85 Owner's Manual 
and Programming Guide, 1981. 


Peo tncdo Hao and Owen, B. B., Physical Chemistry of 
Picea actemoommenoms, Reinhold, 1965. 


27. Ramo, S. and Whinnery, J. R., Fields and Waves in 
Modern Radio, Wiley, 1953. 


oe 





PETA oti BUTION LIST 


Defense Technical Information Center 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0142 
Naval Postgraduate School 
Monterey, California 93940 


Department Chairman, Code 61 
Department of Physics 

Naval Postgraduate School 
Monterey, California 93940 


Professor J. R. Neighbours, Code 61Nb 
Department of Physics 

Naval Postgraduate School 

Monterey, California 93940 


Dr. Michael E. Thomas 

The Johns Hopkins University 
Applied Physics Laboratory 
Johns Hopkins Road 

Laurel, MD 20707 


Voom oe KOlbeck, LI, USN 


W186 N7125 Marcy Road 
Menomonee Falls, Wisconsin 55051 


88 





- 
: 
al 
a 
= 
: 
: 








203558 


Theiss 
K7845 Kolbeck 
ne Excitation frequency 


dependence of conduc- 
tivity of electrolytic 
solutions. 





